.•  ■■  ■  p  ' 


EFFECT  OF  JP-5  SULFUR  CONTENT 
ON  HOT  CORROSION  OF 
^  SUPER  ALLOYS  IN  MARINE 
^  ENVIRONMENT 

■J 

PROGRESS  REPORT  NO.  2 

NAVY  BUWEPS  CONTRACT  NOw  64-0443-d  ! 


PHILLIPS 


•  »  1  . 


•  ¥1 


10  - 


JAN  ^  icioj 


lUlSjiMiavBS 


-t  kwJU  U  L  *> 

ddc-ira  b 


PHILLIPS  PETROLEUIVI  COMPANY  v 


Research  Division  Report  3945-64R 


PHILLIPS  PETROLEDM  COKPAHT 
RESEARCH  DIHSIOR 
BARTLESVULE,  OKLAHOMA 


PROGRESS  REPORT  NO.  2 
FOR 

NAVT  BUNEPS  CONTRACT  ROu  64-0443-<i 

EFFECT  OF  JP-5  SULFUR  CONTEST  ON  HOT  CORROSION  OF  3UPBRA1L0T5 

IN  MARINE  aiTIRONMENT 

B7 


H.  T.  QttLgg 
R.  M.  Sehimer 


PHILLIPS  PETROIJIJM  COMPANY  -  RESEARCH  DIVISION  REPORT  3945-^4R 

Feature  No.  6059 


Progress  Report  No.  2 
for 

Bureau  of  Naval  Weapons  Contract  NOw  64-0443*^ 

EFFECT  OF  JP-5  SULFUR  C(»THirT  (»  HOT  CORROSION  OF  SUPERALLOIS 

IN  MARINE  ENVIRONMENT 
By 

H.  T.  Qulgg  and  R.  M.  Sehlnner 


S  2  M  M  A  R  T 

An  exploratory  program  was  eoBpleted  to  provide  a  basis  for  a 
subsequent  factorial  ei^riaent  to  deteiidne  whether  the  maxinum  sulfur 
content  of  0.40  weight  per  c«it,  currently  allowed  in  grade  JP-5  aviation 
turbine  fuel^  Is  a  safe  level  for  the  protection  of  turbine  blade  alloys 
tised  in  hl^-perforaance  engines. 

Specimens  of  six  different  superalloys  mounted  In  a  cascade 
holder  were  ejqposed  to  vitiated  air  from  the  Phillips  2-inch  eonbustor 
during  a  five  hour  cyclic  test.  Operating  conditions  were  varied  to 
Investigate  the  effect  of  gas  taoperature,  pressure  and  velocity  at  the 
test  specimens,  combiutor  air-fuel  ratio,  sea  salt  ingestion  rate,  and  test 
specimen  position  in  the  cascade.  Evaluations  were  based  upon  metal  loss, 
scale  analysis  and  metallographic  examination  of  the  test  specimens. 

The  desirability  of  two  experiments  was  shown;  one  at  gas  temp¬ 
eratures  of  1800  F  and  above,  idiere  fuel  sulfur  Inhibited  hot  corrosion, 
and  the  other  below  the  melting  point  of  sodium  sulfate  (1623  F),  where 
fuel  sulfur  accelerated  hot  corrosion.  Analysis  of  the  data  obtained 
indicates  that  the  effects  of  other  test  variables  on  hot  corrosion  is  a 
function  of  mass  exposure  to  ”sea  salt"  and  fuel  sulfur.  While  test-to- 
test  and  stage-to-stage  repeatability  is  good  enough  in  the  high  temperature 
range  for  a  factorial  experiment  based  upon  triplicate  tests,  a  greater 
number  of  tests  will  be  required  in  the  lower  temperature  range- 

A  factorial  experiment  is  outlined  for  three  gas  temperatures 
(1800.  2000  and  2200  F),  three  "sea  salt"  in  air  ooncentrations  (O,  1.0 
and  10.0  ppm),  and  three  sulfur  in  fuel  ooncentrations  (0,  0.Q40  and  0.40 
weight  per  cent).  Five  different  superalloys  and  one  coated  superalloy 
will  be  employed.  The  extent  of  corrosive  attack  will  be  evaluated  from 
measurements  of  metal  loss  and  bj  metallographic  examination  of  the  test 
specimens . 
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EPFECT  OF  JP.5  Sgi/UR  COHTBWT  (»  HOT  C0RR06I0W  OF  SUPERAIL0T5 

Dr  MARINE  BtYIHOHMEIIT 
I.  INTRODUCTIOH 

The  effect  of  fuel  sulfur  on  "hot  section"  durabilitj  of  aircraft 
gas  turbine  engines  has  been  the  subject  of  a  niaber  of  limited  investigations 
iriiich  have  been  conducted  bj  Phillips  Petroleum  Ccmpaiqr  under  D.  S.  Navj 
Bureau  of  Naval  Weapons  Contracts  (Ref.  1,  2,  3>  5  and  6).  These  lnvestiga-> 

tions  have  been  sumimrised  and  the  problma  of  hot  corrosion  in  aarine 
environment  of  superallojs  in  aircraft  mgines  of  advanced  design  «ns  reviewed 
in  Progress  Report  Ho.  3  for  Contract  HOw  63-0406-d  (Ref.  7).  This  Report 
(Ref.  7)  included  results  of  a  statistieallj  designed  progrsm  used  to  evaluate 
the  effect  of  three  sulfur  concentration  levels  la  the  fuel  (0.0002»  0.040  and 
0.40  weight  per  cent)  at  three 'Wea  saltf  coaoentration  levels  in  the  air  (aero, 
1.50  and  15.0  parts  per  million),  and  also  anj  sulfur  Z  "sea  salt"  interactions 
for  two  nickel-base  allcjs  (Inconel  713  C  and  Sierra  Metal  200)  expoeed  to 
vitiated  air  from  the  Phillips  2-inoh  combustor.  Test  conditions  used  were 

(1)  56  air-fuel  ratio. 

(2)  2000  P  gas  tsmperature  at  the  teet  specimen. 

(3)  15  atmospheres  pressure  at  the  test  specimen. 

(4)  500  feet  per  second  ^  velooitj  at  the  test  specimen. 

(5)  five  hours  cjclic  operation  (55  minutes  fuel  on  and  five 
minutes  fuel  off). 
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ProB  this  investigation  it  was  concluded  that  deereaelng  sulfur  coocMitration 
la  fuel,  frcB  the  current  JP-5  speclfieatioQ  BaxiBai  of  0*40  to  0.040  weight 
per  oeat,  did  not  reduce  "sea  salt"  eorroeioo  sl#&ifieaBtl7.  Howerer  with 
the  oo^)lex  interaction  found  with  ingested  "sea  water",  additional  data 
were  needed  before  a  recoanendatioc  as  to  the  Baxlam  sulfur  Unit  in  JP-5 
could  be  Bade.  A  test  progrsB  was  proposed  to  obtain  the  additional  Infoma- 
tion  needed  using  Bore  superalloTs  evaluated  over  a  range  of  gas  tsaperatures . 

Exploratory  prograBs  have  been  conducted  during  the  firs«  two 
periods  under  Havy  BuWepe  Contract  HOw  64-0443-d  to  evaluate  the  effect  of 
operating  conditions  on  hot  corrosion.  These  data  will  be  used  to  select 
operating  conditions  to  be  used  in  desipilng  a  progran  to  be  conducted  during 
the  last  two  quarters  which  will  provide  the  additional  infoxmation  needed 
as  to  the  effect  of  fuel  sulfur  on  hot  corrosion  of  snperallcye  in  a  narlne 
environnent.  During  the  first  quarterly  period  a  cascade  test  speciBen 
holder  was  designed  and  fabricated  which  pemits  the  evaluation  of  the  effect 
of  sulfur  and  "sea  salt"  on  hot  corrosion  under  various  operating  oonditions 
of  six  superall^  siBultaneously.  The  effect  of  gas  taaperature  was  evaluated 
using  single  test  speciaens  of  six  superalloys  at  each  of  six  gas  toiperatures 
at  two  levels  of  fuel  sulfur  with  one  level  of  "sea  salt*. 

During  the  second  quarterly  period  the  exploratory  prograB  haf« 
Inoluded  investigations  of  the  effects  of: 

(1)  Rot  gas  velocity  at  the  test  speciBen. 

(2)  Rot  gas  pressure  at  the  test  speciBen. 

(3)  "Sea  salt"  concentration  in  the  hot  gas. 

ik)  Air-fuel  Bixture  to  conbustor. 

(5)  Location  of  test  speciBen  in  easoade  holder. 

(6)  Repeatability  of  hot  corrosion. 
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II.  TEST  EQUIPMENT 
A.  PHILLIPS  2-INCH  COMBUSTOR 

A  seheaatie  diagram  of  the  Phillips  2>ineh  eoabustor  installation 
used  in  this  studf  is  shown  in  Figure  1.  Design  details  of  this  conbustor 
have  been  described  previously  (Ref.  9)>  Basically,  It  embodies  the  principle 
features  of  a  modem  aircraft  gas  turbine  combustor.  It  was  a  straight-through, 
can-type,  creibustor  with  fuel  atomised  by  a  single,  simplex-type  nossle.  The 
flame  tube  was  fabricated  from  2- inch.  Schedule  40,  Inconel  pipe,  with  added 
internal  deflector  skirts  for  film  cooling  surfaces  exposed  to  the  flame. 

The  supporting  test  facility  has  been  described  previously  In 
detail  (Ref.  10).  Briefly,  air  was  supplied  by  rotary  Fuller  compressors, 
filtered  by  a  Selas  Vape-Sorber,  and  preheated  by  a  Thermal  Research  heat 
exchanger.  Fuel  was  supplied  by  nitrogen  pressurlsation  of  Its  supply  tank. 
Also,  "sea  water"  was  supplied  by  nitrogen  pressurlsation  of  its  supply 
tank. 

The  design  of  the  combustor  Installation  provides  for  easy  access 
to  the  fuel  nossle,  flame  tube,  azul  test  specimens.  The  combustor  installa¬ 
tion  was  disassembled.  Inspected,  and  reconditioned  after  every  test. 

The  location  of  the  "sea  water"  injection  point  in  the  quench  sons 
of  the  combustor  and  the  water  Jacketed  eidiaust  8eetl(m,  shown  In  Figure  1, 
wera  selected  on  the  basis  of  a  previous  investigation  (Ref.  7). 


KA  WATCH 
IMiCCTIOM  TUI 


FIGURE  I 

PHILLIPS  2-  INCH  COMBUSTOR  INSTALLATION  FOR  HOT  CORROSION  STUDIES 
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B.  SPECIMEN  HOLDER 

The  test  specimen  holder  eaploj'ed  In  earlier  work  (Ref.  7)  was 
■odlfled  to  pemit  three  holders  to  be  eonblned  in  a  cascade  with  each  success 
ive  holder  rotated  120  degrees  to  prevent  channeling  of  the  hot  gas  flow. 

The  general  location  with  respect  to  the  2~lnch  conbustor  is  shown  in  Figure  1 
It  is  separated  from  the  2-inch  conbustor  by  a  six-inch  long  water  cooled 
spool  and  is  followed  by  another  water  cooled  spool  one  foot  in  length.  The 
holder  for  a  pait^  of  speciAsns  is  shown  in  Figure  2  and  the  cascade  is  shown 
in  Figure  3. 


The  holders  maintain  the  test  specimens  at  an  angle  of  45  degrees 
to  the  axis  of  the  pipe  in  which  they  are  located.  This  provides  for  accel¬ 
eration  of  the  gas  flow  over  the  surface  of  the  test  speciaens,  much  as  over 
the  turbine  blading  in  an  actual  engine. 

C.  SPBCIMBi  ELBCTBOCLEANING 

Specimen  scale  or  bulk  oxide  after  expoeure  to  hot  corrosion  was 
removed  by  an  eleetroeleaning  technique  described  previously  (Ref.  7). 
Briefly  this  consists  of  laMrsing  the  specimens  in  molten  sodioi  hydroxide 
(750-790  F)  and  passing  about  1/3  ampere/cm  throu^  the  specimens  for  a 
period  of  10  minut')^.  This  is  followed  by  a  water  quench. 


r^mULIfV  PBTROiXUM  OOMMMY 
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III.  TEST  MATERIALS 

A.  TEST  FUELS 

The  base  fuel  used  in  this  stodj  was  a  segregated  saapJe  of 
production  ASTM  Type  A  aviation  turbine  fuel.  Physical  and  chesdcal  proper¬ 
ties  of  this  fuel  are  shotm  in  Table  X. 

The  base  fuel  was  essentially  sulfur-free,  containing  only  0.0002 
weight  per  cent  sulfur.  The  hi^er  sulfur  content  test  fuel  was  produced 
ay  blending  to  O.4O  weight  per  cent  sulfur  using  dltertiary  butyl  disulfide. 

F.  "SEA  WATEai" 

A  synthetic  "ser.  water"  was  used  in  this  study.  Its  fomulation 
was  taken  frcn  the  Standard  Method  of  Test  for  Rust-Preventing  Characteristics 
of  Steam-Turbine  Oil  in  the  Presence  of  Water,  AS?M  Designation  D>665-60. 

The  coaponents  and  their  concentrations  are  shewn  in  Table  II. 

C.  SUPERAILOYS 

Eight  different  superalloys  were  used  as  test  specimens  during 
these  studies.  In  the  study  of  the  effect  of  temperature  during  the  first 
quarterly  period  four  nickel-base  (Udimet  700,  Hastelloy  R-235,  Sierra 
Metal  200,  and  Udimet  500)  and  two  cobalt-base  (Stellite  31  and  Haynes  Alloy 
25)  superalloys  were  used.  For  the  remainder  of  the  investigation  conducted 
during  the  second  quarterly  period  two  nickel-based  (Rene*  41  and  Waspalloy) 
superalloys  were  substituted  for  Stellite  31  and  Haynes  Alloy  25  because  of 
availability.  Three  of  the  superalloys  were  prepared  as  investJient  castings 
(Udimet  700,  Stellite  31)  and  Sierra  Metal  200)  while  the  other  five  we 
cut  from  sheets.  These  metals  were  selected  to  represent  a  wide  range  of 
chromium  contents.  The  chemical  analyses  for  the  superalloys  used  are  shown 
In  Table  III. 

(a)  "Sea  water"  and  "sea  salt"  (i.e.  in  quotes)  are  used  throughout  this 
report  to  indicate  the  synthetic  composition  shown  in  Table  II. 
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TABLE  I 

PHI5ICAL  AMP  CHEMICAL  PROPgRTIBS  OT  TEST  FD8LS 

Test  Posl 


PUtilUtlco  Tsmpsrsturt.  F  Bess  (s) 

Initial  Boiling  Point  329 

5  Voltms  per  cent  evaporated  344 

10  350 

20  359 

30  36d 

40  377 

50  388 

60  400 

70  417 

80  435 

90  460 

95  478 

End  Point  498 

Gravity,  degrees  API  46.2 


Gta,  Billigraias  per  100  nilliliters  0.2 

Si(^e  Point,  fliilliffleters  26.2 


Cceqptosition,  weight  per  cent 


Sulfur.  . 

Metalo^c) 


Iron 

VanadltB 

Nickel 

Copper 

H^rocarbon  Types 
Nomal  Paraffins 
Isoparaffins 
Cyeioparaffins 
Olefins 
Arcnatios 


0.0002  (b) 

<0.0001 
<0.0001 
<0.0001 
C  0.0001 

27  (d) 

23  (d) 

36  (d) 

0  (d) 

14 


(a)  Segregated  sample  (BJ63*<8-G49)  of  production  ASTM  Tjjm  A  Aviaticn 

turbine  fuel,  processed  from  West  Texas  crude  and  finished  by  hydrotreating. 

(b)  Higher  sulfur  content  test  fuel  obtained  by  blending  to  desired  level 
using  ditertiary  butyl  disulfide. 

(c)  X>ray  fluorescence  analysis. 

(d)  laical  value  for  this  product. 
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TABLE  II 


Sodiw  Chloride 

NaCl 

24.54 

Kagnesltas  Chloride 

HgCl2.6R20 

11.10 

SodliBB  Sulfate 

4.09 

Caleim  Chloride 

CaClg 

1.16 

Potassium  Chloride 

KCl 

0.69 

Sodium  Bicarbonate 

NaHCO^ 

0.20 

Potasslm  Brcedde 

KBr 

0.10 

Boric  Acid 

H^BO^ 

C.03 

Strontiimi  Chloride 

SrCl^'^R^O 

0.04 

Sodium  Fluoride 

NaF 

0.003 

TOTAL 

a. 953 

(a)  Use  ep  chesleals. 

(b)  Use  distilled  water. 


mow  OF  SUPERALLOY  TEST  SPECIMEJJ5 
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(a)  Investment  casting.  (b'  Cut  frcn  sheet  material .  (c)  Typical  analysis 
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IV.  TEST  PROGRAM 

In  Bost  cases  in  these  ezploratorj  prograna  single  test  specisens 
of  each  of  six  superalloys  have  been  mounted  in  a  cascade  for  exposure  to 
hot  gases  at  the  test  conditions  being  investigated.  As  sh<am  in  Figure  3  the 
cascade  ccaislsts  of  three  stages  each  holdiog  two  test  specimais.  It  may  be 
observed  that  only  the  specimens  in  the  first  stage  are  esqKtsed  to  hot  gases 
only,  while  those  in  the  second  and  third  stages  maj'  also  be  exposed  to 
corrosion  products  from  the  preceding  superalloys.  The  position  cf  a  specific 
superalloy  within  the  cascade  is  held  c(Histant  throu^out  the  programs. 

The  test  procedure  C(»islsts  of  a  five-hoxir  cyclic  test  with  55 
minutes  of  exposure  of  the  test  specimens  to  hot  gases  followed  by  5  minutes 
with  fuel  tunied  off.  On  completion  of  the  test,  samples  of  deposits  are 
removed  by  scraping  and  saved  for  anal^es.  The  test  specimens  are  than 
electro-chemically  cleaned  using  a  procedure  previously  described  (Ref.  7) 
and  loss  of  weight  detersiined. 

Preliminary  data  on  the  effect  of  temperature  on  hot  corroeion 
were  presented  In  Progress  Report  No.  1  (Ref.  8)  and  are  included  in  this 
report  to  sunmarlse  the  exploratory  study  of  operating  variables.  The  effect 
of  temperature  was  studied  over  the  range  of  1200  to  2200  F  with  0.0002  and 
O.kO  weii^t  per  cent  fuel  sulfur  and  10  ppa  "sea  salt"  in  combustor  air. 
Combustor  pressure  was  maintained  at  15  atmospheres  with  a  mass  air  flow  of 
5400  pounds  per  hour.  Combustor  inlet  air  temperature  and  fuel  flow  were 
adjusted  to  give  the  desired  gas  temperature.  Since  a  reversal  in  the  effect 
of  fuel  sxilfur  content  <»  hot  corrosion  in  a  marine  environment  was  indicated 
with  increasing  temperature,  two  temperature- fuel  sulfur  combinations  (1500*F 
with  0.40  and  2000*F  with  0.0002  per  cent)  were  selected  tc  maxi  ml ae  hot 
corrosion  in  the  study  of  other  test  variables. 
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The  operating  variables  sttxlied  Include  ecwbostor  pressure  (5  and 
15  atmospheres },  gas  veloeit7  at  the  test  specimen  (50  to  640  feet  per  second), 
"sea  salt"  in  combustor  air  (2.0  and  10.0  ppm)  and  air  fuel  ratio  (50  and  75)* 
The  effect  of  position  of  the  test  specimens  in  the  cascade  on  metal  loss  has 
also  been  investigated. 

A  simnary  of  the  operating  variables  investigated  during  this  test 
program  and  test  nuabers  is  shown  in  Table  IV  aM  detailed  operating  conditicns 
for  these  tests  are  shown  in  Appendix  I.  Where  possible  caie  test  has  been 
used  for  multiple  comparisons  of  operating  variables. 


TABLE  IV 

SnWURT  0?  OPERATIBG  VARIABLES  STUDIO 


Variables  Studied 
Temperature.  *F 

iaooTuooTiSoo,  laoo,  2000,  2200 

(a)  0.0002  per  cent  sulfur 

(b)  0.40  per  cent  sulfur 

Combustor  Pressure.  Atmospheres 
5,  15 

Gas  Velocity^  feet  per  stscpd 

50,  250,  500,  6U 

50.  75 

■Sea  Salt"  Inaest ion  Rate,  wm 

2.0,  10.0 

Caacade  Specimen  Holder 
Position  of  specimens  in  cascade 
and  repeatability  of  metal  loss 


_ Test  Wqribers _ 

8,  9,  U,  15,  18,  19 
7,  10,  13,  16,  17,  20 

25,  26,  27,  28 

23,  24,  27.  28,  31,  32.  33 

34.  38 

27,  28,  34.  35.  36,  37,  3«,  39.  41 


34.  35,  36,  37.  38,  39.  U 
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V.  DISCUSSION  OF  RESULTS 

A.  Metal  Weight  Loaa . 

1.  Teroerature. 

The  aetal  lose  data  obtained  In  an  exploratoxy  prograie  on  the  effect 
of  toBperature  are  shown  In  Table  V  expressed  as  wel^t  loss  per  unit  area  and 
in  Table  71  expressed  as  per  cent  veii^t  loss  of  the  test  speclaen.  Metal  loss 
as  a  fanctioQ  of  tenperature  for  two  fnel-sulfur  concentrations  are  shown  in 
Figures  4  through  9.  An  exaninaticn  of  these  data  show  that  with  each  of  the 
superallajsi  aetal  loss  was  Inhibited  bj  the  fuel  sulfur  content  at  tenpera- 
tures  of  1800  F  and  above.  At  l600  F  axwl  below  the  data  are  not  consistent 
for  all  of  the  superalloys;  however,  with  Rastelloy  R-235  and  to  a  lesser 
degree  with  Sierra  Metal  200,  Udiaet  700  and  Udinet  $00  sulfur  in  the  fuel 
increases  netal  loss.  This  reversal  of  sulfur  effect  nay  be  associated  with 
the  presence  of  solid  sodim  sulfate  on  the  test  speclnens.  The  f reeling  point 
of  sodim  sulfate  is  1623  F.  Althou^  air>fuel  ratio  varied  froa  1$0  at  1200  F 
to  $0  at  2200  which  resulted  in  an  increase  in  sulfur  to  ”sea  salt"  ratio, 
oonparisons  of  low  (0.0002  weight  per  ewt)  and  high  (0.40  weight  per  cent) 
sulfur  fuels  at  a  given  tenperatui^  would  not  be  affected. 

2.  Trmm- 

The  netal  weight  loss  data  for  single  tests  of  six  superalloys  at  $ 
and  1$  atnoepheree  preesure  for  two  operating  conditions  are  shown  in  Table  7II 
expressed  «\e  iNii^  loss  per  viit  area  and  ns  per  cent  weight  loss  of  the  test 
specfjMn.  Netal  loesee  as  a  function  of  ocnbustor  pressure  for  1$00  F  exhaust 
gas  tenperature  and  0.40  per  cent  fuel  sulfur  and  for  2000  F  eodtaust  gas  tenp- 
erature  with  0.0002  per  cent  fuel  sulfur  are  svnnarised  in  Figures  10  and  11. 
Netal  loss  is  nore  severe  at  the  high  tenperature>low  sulfur  conditions  than  at 
the  low  tenperature>high  sulfUr  conditions  with  one  exoeptioo  at  1$  ataospheres 
eonbustor  pressure.  Vhile  netal  loss  varies  for  the  superalloys  an  inerease  in 
eonbustor  pressure  accelerates  hot  corrosion  for  thoee  alloys  subject  to  attack. 


TABIZ  V 

wKiqHT  LOSS  (m/ct^)  Of  soperaujoy  tbst  sPECDoae 
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FIGUKK  4 

tFFKqr  OF  JF  -  S  SUUFUF  CONTtNT  ON  MOT  GAS 
CONNOSION  OF  UOiMKT  700  IN  MAftINK  CNVINONMCNT 


METAL.  UOSS,  ^EH  CEWT  OT  INITIAI.  SPECIMEN  WEIGHT 


O  0.0002  WT.  rCR  CENT  SUL^UK  IN  fUEL 
0  0,40  WT.  PE«  CENT  »ULru«  IN  FUEL 


WEI«KT  LOSS.  MS  /  CM 


FIGURE  6 

EFFECT  OF  JP  -  5  SULFUR  CONTENT  ON  HOT  GAS  CORROSION 
OF  HASTELLOY  R  -  23S  IN  MARINE  ENVIRONMENT 


METAL  LOSS,  PER  CENT  OF  INITIAL  SPECIMEN  WEIGHT 


WEIGKT  LOSS,  MG/  CM 


FIGURE  7 

EFFICV  OF  JP-  5  SULFUR  CONTENT  ON  HOT  GAS 
CORROSION  OF  HAYNES  ALLOY  25  IN  MARINE  ENVIRONMENT 


METAL  LOSS,  FER  CENT  OF  INITIAL  EFECIMEN  WEIGHT 


WEIGHT  LOSS,  MG,  CM 


80 


90 


70 


60 


50 


40 


30 


20 


10 


HOT  GAS  TeMP*CRATURE,  •  F 


FIGURE  a 

EFFECT  OF  JP  -  5  SULFUR  CONTENT  ON  HOT  GAS 
CORROSION  OF  SIERRA  METAL  200  IN  MARINE  ENVIRONMENT 


METAL  LOSS,  PER  CEMT  OF  INITIAL  SPECIMEN  WEIGHT 


WEIGHT  LOSS.  MG,  CM 


FIGURE  9 

EFFECT  OF  JP  -  5  SULFUR  CONTENT  ON  HOT  GAS 
CORROSION  OF  UDIMET  500  IN  MARINE  ENVIRONMENT 


METAL  LOSS,  FER  CENT  OF  INITIAL  SPECIMEN  WEIGHT 
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TABLE  Vn 

EFFECT  OF  COMBUSTOR  PRESSURE  ON  METAL  LOSS  OF  SUPERALLOY  TEST  SPECIMEHS 


SuDsrallby 

Test 

Conditions 

Weight  Loss, 

Mg  uer  cm^ 

Per  Cent  Weight  Loss 

5  Atm. 

15  Atm. 

5  Atm. 

Udimet  700 

(a) 

0.2 

1.2 

0.0 

0.2 

Rene'  41 

(a) 

0.6 

0.8 

0.1 

0.1 

Waspalloy 

(a) 

1.7 

6.0 

0.3 

1.0 

Hast alloy  R-235 

(a) 

12.4 

259.0 

2.1 

43.8 

Sierra  Metal  200 

(a) 

3.6 

125.6 

0.7 

22.6 

Udlnet  500 

(a) 

2.6 

«  -(c) 

0.5 

-  -(c) 

Udimet  700 

(b) 

43..8 

112.6 

7.6 

20.8 

Rene* 

(b) 

21.2 

8.7 

3.4 

1.4 

Waspalloy 

(b) 

U.7 

8.0 

2.4 

1.3 

Kastelloy  R-235 

(b) 

23.9 

52.4 

4.0 

8.8 

Sierra  Metal  200 

(b) 

U3.5 

252.1 

25.0 

45.4 

Udimet  500 

(b) 

17.7 

7.6 

3.5 

1.5 

(a)  Test  No.  25  &  27  Gas  Tenp.  1500  F,  Fuel  Sulfur  0.40  wt.  >^,*8oa  saltFin 

conbustor  air  10  ppn;  Gas  Velocity  at  Test  Specinen  500  FPS. 

(b)  Test  No.  26  &  28  Gas  Tenp.  2000  F,  Fuel  Sulfur  0.0002  «t.  '%ea  saltfln 

ecnbustor  air  10  ppn,  Gas  Velocity  at  Test  Specinen  500  FPS. 

(e)  Speoinen  nissing  at  end  of  test. 


WEIGHT  LOSS.  MG/ CM^ 


COMBUSTON  PBCSSUIIE  ,  ATMOBBHBBE 


riGUKK  to 

CFFCCT  OF  COMBUSTOR  PRESSURE  ON  CORROSION  OF  SUPERALLOYS 
AT  1  800  F  GAS  TEMPERATURE  WITH  0^0  WT  PER  CENT  FUEL 
SULFUR  IN  MARINE  ENVIRONMENT 
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3.  Gas  Velocity. 

The  effect  of  gas  velocity  on  metal  loss  per  tmlt  area  is  shoim  in 
Table  VIII  and  on  metal  loss  as  a  per  cent  of  specimen  vei^t  In  Table  IX. 

Data  for  six  superalloys  at  two  exhaust  gas  temperature^fnel  sulfur  conditions 
are  stamaarited  in  Figures  12  and  13.  In  most  cases  the  hi^  tmiperatnre-low 
sulfur  conditions  are  more  severe  than  the  low  temperature-hi^  sulfur  condi¬ 
tions.  For  those  superalloys  subject  to  hot  corrosion  inereasixig  gas  velocity 
increases  metal  loss. 

4.  Air-Fuel  Ratio. 

The  effect  of  air-fuel  ratio  on  metal  loss  of  Udimet  700  at  2000  F  gas 
temperature  with  0.0002  wei^t  per  emnt  fuel  sulfur  and  10.0  ppm  "sea  salt" 
in  combustor  air  is  shown  in  Table  X.  Changing  air-fuel  ratio  from  50  to  75 
does  not  effect  metal  loss  of  Ddimet  700. 

5*  "Sea  Salt"  Inxestion  Rate. 

Table  II  shows  the  effect  of  "sea  salt"  ingestion  rate  on  hot  corrosion 
of  Hastelloy  R-235  st  1500  F  with  0.40  per  cent  fuel  sulfur  and  of  Hastelloy 
R-235  and  Udimet  700  at  2000  F  with  0.0002  per  cent  fuel  sulfur.  Directionally 
an  Increase  in  "sea  salt"  ingestion  rate  from  2.0  to  10.0  ppm  in  ecmbustor  air 
increases  hot  corrosion;  however,  the  nuignitude  of  the  increase  varies  with 
metals,  temperature  and  fuel  sulfur. 

6.  Cascade  Position  end  Repeatabilltj. 

In  designing  a  test  program  inforaatioo  is  needed  on  test  repeatability 
since  this  will  indicate  the  nvmber  of  tests  needed  to  permit  detection  of 
significant  effects.  The  effect  of  cascade  position  on  hot  corrosion  of  a 
test  specimen  will  also  influence  the  nmaber  of  tests  required  In  a  program. 

To  obtain  data  on  the  effect  of  cascade  position  and  repeatability  of  metal 
loss,  tests  have  been  conducted  using  multiple  test  specimens  of  Rastellcy 
R-235  or  Udimet  700  in  the  cascade.  Metal  loss  data  for  thMS  tests  are  shown 
in  Table  XII  expressed  as  weight  loss  per  wit  area  and  as  per  cent  wei^t  of 


the  test  soecimen. 
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TABLE  VIII 

gPFECT  OF  GAS  VELOCITY  ON  METAL  LOSS  (MG  PER  CM^)  OF  SUPERAU>OY  TEST  SPSCIM»S 


Test 

Wei/dit  Loss.  M«  ner  cn^ 

Conditions 

50  FPS 

250  FPS 

500  FPS 

’Sum 

Udlaet  700 

(a) 

6.3 

1.1 

1.2 

— 

Rene'  41 

(a) 

3.8 

0.5 

0.8 

— 

Waspalloy 

(a) 

1.2 

0.6 

6.0 

— 

Hastelloj  R-235 

(a) 

1.2 

49.3 

259.0 

— 

Sierra  Metal  200 

(a) 

8.0 

12.9 

125.6 

— 

Udioet  500 

(a) 

5.3 

7.6 

-.(c) 

— 

Udlaet  700 

(b) 

3.3 

50.2 

112.6 

64.4 

Rene'  41 

(b) 

6.7 

40.5 

8.7 

36.4 

Waepalloy 

(b) 

3.2 

23.9 

8.0 

74.7 

Hastelloy  R-235 

(b) 

2.1 

36.4 

52.4 

47.2 

Sierra  Metal  200 

(b) 

15.1 

355.3 

252.1 

-(c) 

Udioet  500 

(b) 

3.6 

19.4 

7.6 

45.7 

U)  Teet  Ho.  23,  33  4  27  Gee  T««p,  1500  F,  Fuel  Sulfur  0.40  wt.  I, "sea  salt- 
in  ooabustor  air  10  ppn,  Coabustor  Pressure  15  Ata. 

(b)  Teat  Ho.  24,  32,  2S  4  31  Gas  Taip.  2000  F,  Fuel  Sulfur  0.0002  wt.  %, 

\aa  aaltf  in  eoabustor  air  10  ppm,  C^bustor  Pressure  15  Ata. 

(0}  Speei— n  oiaelng  at  end  of  test. 
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TABLE  JX 

BTFECT  OF  GAS  \rEI/)CITT  Oi  METAL  LOSS  (7BL  CWT  WKIGHT  LOSS)  OF  3UPBULL0T 

TEST  SPSCIMEHS 


Test 

Per  Cent  WeijEht  Loss 

Superalloy 

Conditions 

50  FPS 

250  FPS 

500  FPS 

l44J£s 

Udiaet  700 

(a) 

1.2 

0.2 

0.2 

— 

Rene'  41 

(a) 

0.6 

0.1 

0.1 

— 

Waspalloy 

(a) 

0.2 

0.1 

1.0 

— 

Hastelloy  R-235 

(a) 

0.2 

8.6 

43.8 

— 

Sierra  Metal  200 

(a) 

1.4 

2.3 

22.6 

— 

Udijnet  500 

(a) 

1.0 

1.5 

-.(c) 

— 

Udiaet  700 

(b) 

0.6 

9.3 

20.8 

12.1 

Rene*  41 

(b) 

1.1 

6.4 

1.4 

5.8 

Waspalloy 

(b) 

0.5 

3.9 

1.3 

11.8 

Hastelloy  R-235 

(b) 

0.4 

6.1 

8.8 

7.9 

Sierra  Metal  200 

(b) 

2.7 

65.9 

45.4 

-(c) 

Udiaet  500 

(b) 

0.7 

3.8 

1.5 

9.1 

(a)  Test  No.  23  ,  33  *  27  Gas  Tenp.  1500  F,  Fuel  Sulfur  O.AO  irt.  t,''Bea  salt” 
in  eoabustor  air  10  ppn,  Coabustor  Pressure  15  Ata. 

(b)  Test  No.  24,  32,  28  &  31  Gas  Teap.  2000  F,  Fuel  Sulfur  0.0002  wt.  t,"8ea 
salt"lA  ooB^ustor  air  10  Coaibustor  Pi^ssure  15  Ata. 

(c)  Speciaen  missing  at  end  of  test. 


PAGE 


FIGURE  !3 

EFFECT  OF  GAS  VELOCITY  ON  CORROSION  OF  SUPERALLOYS  AT 
20C0  F  OAS  TEMPERATURE  WITH  0.0002  WT  PER  CENT  FUEL  SULFUR 

IN  MARINE  ENVIRONMENT 


TABLE  X 

gggCT  CF  AIR  F?ISL  RATIO  ON  METAL  LasS  OF  UDIHET 
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OF  "SEA  SALT"  INGESTION  RATE  CW  METAL  WEIGHT  LOSS  OF  SUPERALLOY 
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TABLE  XII 

^■!gT_Qy  CASCADE  POSITIOW  OK  METAL  WEIGHT  LOSS  OF  SUPERALLOY  Ty.55T  SPECIMEaiS 
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AnalTses  of  metal  loss  data  for  Hastelloy  R-235  at  1500  P  exhaust  gas 
tM&perature  with  0.40  weight  per  cent  fuel  sulfur  and  10  ppn  "sea  salt"  in 
eoBbxistor  air  are  shown  in  Appendix  II.  It  is  coneluied  that  repeatabilitj  of 
metal  loss  varies  with  the  magnituce  of  the  loss;  however,  by  using  logarithms 
of  metal  loss  this  is  changed  to  percentage  variance  which  permits  the  use  of 
conventional  statistical  methods  for  Interpreting  the  data.  The  ia^rovement 
or  more  uniform  variance  obtained  by  the  use  of  logarithms  naj’  be  observed  by 
ocmparing  the  confidence  intervals  for  the  data  shown  graphically  in  Figures 
14  and  15. 

Hot  corrosion  with  six  Hastelloy  R-235  sjsecimens  tested  at  a  reduced 
"sea  salt"  ingestion  rate  (2.0  vs  10.0  ppn)  is  reduced  to  less  than  1.0  mg/cm^ 
for  all  specimens.  Directionally  repeatability  is  improved  as  "sea  salt” 
ingestion  rate  is  reduced  (57.1  vs  86.4  per  cmt).  (See  Appendix  II) 

With  six  Udimet  700  test  specimen  in  a  cascade  exposed  to  2000  F 
e^diaust  gas  temperature  with  0.0002  per  cent  fuel  sulfur  and  10  ppm  "sea  salt" 
repeatability  as  measured  by  coefficient  of  variation  is  17.1  per  cent. 

(See  Appendix  II)  Metal  loss  values  for  this  test  are  shown  in  Figujre  16. 

From  an  examination  of  test  specimens,  the  amount  of  scale  deposit  on 
the  specimens  appears  to  increase  with  an  increase  in  "sea  salt"  ingestion  rate 
at  1500  F  gas  temperature.  At  gas  temperatures  above  approximately  1700  F,  the 
amotmt  of  deposit  accumulated  on  the  test  specimens  decreased.  This  coincides 
with  test  specimen  metal  temperatures  above  the  melting  point  of  sodliim  sulfate 
(1623  F).  Generally  the  nature  of  the  attack  seems  to  be  more  uniform  at  the 
higher  te«*’'-’*atures.  This  probably  accounts  for  the  improved  repeatability  of 
results  at  2000  F  gas  temperature  over  those  at  1500  F. 

7.  Mass  Effect  ^f  Fuel  Sulfur  and  "Sea  Salt". 

An  examination  of  data  from  the  exploratory  programs  where  the  total 
mass  of  fuel  sulfur  and  "sea  salt"  Ingested  by  the  combustor  varied  as  operating 
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FIGURE  15 

EFFECT  OF  CASCADE  POSITION  AND  REPEATABILITY  ON  CORROSION 
OF  HASTELLOY  R-235  AT  1500  F  GAS  TEMPERATURE  WITH 
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conditions  were  changed  siiggested  that  hot  corrosion  may  be  a  function  of  the 
total  exposure  of  a  superalloj  to  these  naterials  at  a  given  tanperature.  Kultiple 
regression  analyses  provide  a  means  of  evaluating  the  possible  relationship  be> 
tween  metal  loss  and  mass  of  fuel  sulfur  and  "sea  salt"  Ingested.  Previously 
data  were  obtained  on  two  superalloys  at  2000  F  exhaust  gas  temperature  with 
three  levels  of  fuel  sulfur  and  three  levels  of  "sea  salt"  (Ref.  7).  Multiple 
regression  analyses  of  these  data  have  been  made  and  are  sumoarlsed  in  Appendix 
II.  The  multiple  regression  equations  for  Inconel  713C  and  Sierra  Metal  200 
are  both  significant  at  the  95  per  cent  confidence  level  or  above  and  indicate 
that  metal  loss  in  these  data  may  be  described  by  the  amount  of  fuel  sulfur  and 
"sea  salt"  Ingested  by  the  combustor.  The  measured  and  calculated  metal  loss 
values  for  the  two  metals  are  shown  in  Figures  17  and  18.  In  Figure  18  the 
measured  and  calculated  values  for  Sierra  Metal  200  obtained  during  the  explora¬ 
tory  programs  are  shown  In  addition  to  the  data  used  to  develop  the  equation. 

In  most  cases  the  line  of  equality  falls  within  the  confidence  Interval  for  the 
measured  values.  These  data  indicate  that  comparisons  of  metal  loss  for  any 
combinations  of  ftwl  sulfur  and  ingested  "sea  salt"  can  be  made  within  the  limits 
selected  for  sulfur  and  "sea  salt". 

B.  X-Rtf. Dif f rtct5^,,,4M.^  « 

X-ray  diffraction  analyses  were  obtained  of  representative  samples 
of  scale  from  test  specimens  at  various  test  conditions  used  in  these  exp'ior4tc*7 
programs.  The  scale  deposit  was  scraped  from  the  test  specimen  arid  then  powdered 
prior  to  analysis  and  therefore  represents  an  average  composition.  Metal  loss 
and  scale  compositions  for  comparisons  of  the  effect  of  operating  conditions  ars 
shown  In  Tables  Jill  through  X7I1  .  The  presence  of  a  given  material  Is  indicated 
as  very  weak,  weak,  medium  or  strong.  These  notations  are  specific  to  each 
Individual  material;  however,  they  ^  not  pemlt  a  comparison  of  the  relative 
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aacmnts  of  utorisl  present  in  the  dsposlt  (t.g.;,  MiO  vs  NgO).  Thsss  data  do 
not  shoir  rslatlonships  bstwsan  oparating  ooiKlltions  and  seals  ooq^sltioc; 
howsTsr,  thsrs  appsars  to  bs  a  rslaticnshlp  bstwsso  seal*  eosiposltioKi  and  astal 
loss.  Thsss  data  ars  avMarlssd  is  Tabla  XTIII  for  sach  of  the  thrss  sopsralloTs . 
Thrss  aatsrlals  Idfntifiad  in  ths  seals  (Psrlclass,  Thsnardlts  and  Halits) 
ars  prsssnt  as  a  rssnlt  of  "ssa  salt"  ingsstion  while  the  :  Jning  watsriala 
ars  f^oi  asial  eorrosion.  <4s  Bstal  loss  InortM^sM  th«  L^^i^nslties  of  ths 
aatsrlals  trxm  "ssa  salt"  dsersass  whils  the  ^nisnsitl^s  for  thoss  froB  oorroslon 
Incrsase.  Thsss  data  show  no  othsr  apparsnt  pattern  w5th  variations  in  operating 
conditions,  indieating  that  ths  eoapositlcn  of  the  eorrosion  products  free  a 
gXrm  snpermlloj  do  not  vary  significant  Ij.  This  snggssts  that  variatiooa  in 
ths  sxtsnt  of  eorroslon  with  ehar^es  in  opsrailng  ecndltlons  ars  rslatsd  to 
that  phasD  of  ths  attack  dealing  with  ths  initial  psnstratlon  of  ths  protsetivs 
Qxlds  file,  rather  than  with  ths  eorroslvs  rsaetlons  ones  psnstratlon  has  been 
acooeplishsd. 
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C,  Metallography 

IntercrTstalline  corrosion  can  be  Identified  by  aeasuredaoit  of 
loss  in  tensile  properties  or  by  aetallogrsphic  examination.  The  latter  was 
used  dxiring  this  exploratory  program  because  it  provided  additional  informa¬ 
tion  about  changes  in  the  metal  surface  resulting  from  exposure  to  corrosive 
agents. 

Test  specimens  were  cleaned  by  electrolytic  descaling  in  molten 
soditn  hydroxide  after  expostire  in  Phillips  2- inch  combustor  exhaust.  This 
allowed  for  msasurenents  of  metal  loss  by  the  test  specimens  from  hot  corrosion 
without  destruction  of  the  surface  layers  where  corrosion  products  had  pene¬ 
trated  the  metal  matrix. 

The  photomicrographs  shoen  in  F5  .arse  19  through  25  were  taken  of 
various  superalloys  after  their  exposure  to  hot  corrosion  in  a  sutrine 
environment.  They  are  typical  of  the  photomicrographs  obtained,  and  illustrate 
the  nature  of  the  attack  experienced  by  the  superalloys  over  the  range  of 
conditions  investigated  in  this  exploratory  progrr.w.  However,  it  is  pertinent 
to  point  out  that  the  selection  of  a  typical  area  of  corrosive  attack  from  a 
detailed  microscopic  examination  of  the  test  specimen  is  a  difficult  task. 
Widely  divergent  results  are  in  evidence  under  supposedly  comparable  condi¬ 
tions,  because  penetration  of  the  protective  uxide  surface  film  and  ero<7ir  n 
of  the  corrosion  products  are  randosdy  occurring  processes.  Nevertheless, 
it  is  felt  that  the  general  mode  of  corrosive  attack  is  clearly  evident  in 
these  photomicrographs. 

Piguire  1?  shows  1250  and  XIOCX)  magnification  photomicrographs  of 
polished  unetched  sections  of  Sierra  Metal  200  specimens  following  expostire 
with  10  ppm  "sea  salt"  in  air  and  0.0002  weight  per  cent  sulfur  in  fuel  at 
two  tmiperatures,  I6OO  F  and  2000  F.  The  test  specimen  weight  losses  obtained 
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effect  of  gas  temperature  at  test  specimens 

1  600  F  2000  F 


»  • 


250X  MAGNIFICATION,  POLISHED,  UNETCHED 


i 

1000X  MAGNIFICATION,  POLISHED,  UNETCHED 


FIGURE  19 

PHOTOMICROGRAPHS  OF  SIERRA  METAL  200  TEST  SPECIMENS 
AFTER  EXPOSURE  TO  HOT  CORROSION  IN  PHILLIPS  2-INCH  COMBUSTOR  OUTLET 

AT  TEST  CONDITIONS  14  AND  28 
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EFFECT  OF  SULFUR  CONCENTRATION  IN  FUEL 


0,0002  WEIGHT  PER  CENT  0.40  WEIGHT  PER  CENT 

169  MG/ cm2  metal  LOSS  200  MG/CM^  METAL  LOSS 


2  SOX  MAGNIFICATION,  POLISHED,  UNETCHED 


1000X  MAGNIFICATION,  POLISHED,  UNETCHED 


FIGURE  20 

PHOTOMICROGRAPHS  OF  HASTE  LLOY  R-235  TEST  SPECIMENS 
AFTER  EXPOSURE  TO  HOT  CORROSION  IN  PHILLIPS  2-INCH  COMBUSTOR  OUTLET 

AT  1600  F  TEST  CONDITIONS  14  AND  41 
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EFFECT  OF  SULFUR  CONCENTRATION  IN  FUEL 


0.0002  WEIGHT  PER  CENT 
73  MG/CM^  METAL  LOSS 


0.40  WEIGHT  PER  CENT 
10  MG/CM^  METAL  LOSS 
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250X  MAGNIFICATION,  POLISHED,  UNETCHED 


1  OOOX  MAGNIFICATION  ,  POLISHED  ,  UNETCHED 


FIGURE  21 

PHOTOMICROGRAPHS  OF  HASTELLOY  R-235  TEST  SPECIMENS 
AFTER  EXPOSURE  TO  HOT  CORROSION  IN  PHILLIPS  2-INCH  COMBUSTOR  OUTLET 

AT  2000  F  TEST  CONDITIONS  7  AND  8 
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EFFECT  OF  GAS  PRESSURE 
5  ATMOSPHERES 
MG/ cm2  metal  loss 


AT  TEST  SPECIMENS 

1  5  ATMOSPHERES 
200  MG/CM^  METAL  LOSS 


2  SOX  MAGNIFICATION,  POLISHED.  UNETCHED 


'I 


1  OOOX  magnification  ,  POLISHED.  UNETCHEO 


FIGURE  22 

PHOTOMICROGRAPHS  OF  HASTELLOY  R- 235  TEST  SPECIMENS 
AFTER  EXPOSURE  TO  HOT  CORROSION  IN  PHILLIPS  2-INCH  COMBUSTOR  OUTLET 

AT  1500  F  TEST  CONDITIONS  25  AND  41 


it>^’36c^HBpw¥3Stafc‘M®Si^TOb'1Ww^jMiiiSlSS 


'  A‘~A^;y  »*-t'. 


iiiifli 


.Viktii:;.  S?  .*-M'~i.f,Si*-i^'^., 


EFFECT  OF  GAS  VELOCITY  AT  TEST  SPECIMENS 
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EFFEC’  OF  SEA  SALT  CONCEN  T  RA  MON  IN  AIR 


2  PARTS  PER  MILLION 
38  MG/Cm2  metal  loss 


10  parts  per  million 

T8  MG/CM^  METAL  LOSS 


2  SOX  MAGNIFICATION,  POLISHED,  UNETCHED 


1  OOOX  MAGNIFICATION,  POLISHED,  UNETCHED 


FIGURE  24 

PHOTOMICROGRAPHS  OF  UDIMET  700  TEST  SPECIMENS 
AFTER  EXPOSURE  TO  HOT  CORROSION  IN  PHILLIPS  Z-INCH  COMBUSTOR  OUTLET 

AT  2000  F  TEST  CONDITIONS  34  AND  36 
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at  the  two  different  temperatures  are  indicated  for  aid  in  interpretation 
of  the  photomicrographs.  These  test  specimens  were  chosen  to  show  the 
natiire  jf  corrosive  attack  where  the  rate  of  metal  loss  increased  rapidlj 
with  increasing  gas  temperature,  as  was  plotted  in  Figure  8. 

Figures  20  and  21  show  X250  and  XIOOO  magnification  photomicrographs 
of  polished  unetched  secticais  of  Hastelloy  R-235  specimens  following  exposure 
with  10  ppm  "sea  salt"  in  air  and  with  both  0.0002  and  0.40  weight  per  cent 
sulfur  in  fuel  at  l600  F  and  2000  F,  respectively.  These  test  specimens  were 
r;hosen  to  show  the  nature  of  corrosive  attack  over  this  range  in  gas  tempera¬ 
ture  because  there  was  a  reversal  in  the  effect  of  fuel  sulfur  content  on 
metal  loss,  as  was  plotted  in  Figure  6. 

Figure  22  shows  X250  and  XIOOO  magnification  photomicrographs  of 
polished  unetehed  sections  of  Hastelloy  R-235  specimens  following  exposure 
with  10  ppm  "sea  salt"  in  air  and  0.40  weight  per  cent  sulfur  in  fuel  at 
two  gas  pressures,  5  and  15  atmospheres.  These  test  specimens  were  chosen 
to  show  the  nature  of  corrosive  attack  where  the  metal  loss  increased  rapidly 
with  increasing  pressure,  as  was  plotted  in  Figure  10. 

Figure  23  shows  X250  and  XIOOO  magnification  photomicrographs  of 
polished  unetched  sections  of  Sierra  Metal  200  specimens  following  exposure 
with  10  ppm  "sea  salt"  in  air  and  0.40  weight  per  cent  sulfur  in  fuel  at  two 
gas  velocities,  50  and  500  feet  per  second.  These  test  specimens  were  chosen 
to  shw  the  nature  of  corrosive  attack  where  metal  loss  increased  rapidly  with 
increasing  velocity,  as  was  plotted  in  Figure  12. 

Figure  24  shows  X250  and  XIOOO  magnification  photomicrographs  of 
polished  unetehed  sections  of  Udlmet  700  specimens  folowing  exposure  at 
2000  F  with  0.0002  weight  per  cent  sulfur  in  fuel  and  with  two  levels  of 
"sea  salt"  in  air,  2  and  10  ppm.  These  test  specimens  were  chosen  to  show 
the  nature  of  corrosive  attack  where  the  metal  loss  increased  rapidly  with 
Increasing  "sea  salt"  concentration,  as  was  tabulated  in  Table  XI. 
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Figure  25  shears  X250  and  XIOOO  magnification  photomicrographs  of 
polished  unetched  sections  of  Hastelloy  R-235  specimens  from  stages  1  and  3 
In  the  cascade  following  exposure  with  10  ppm  "sea  salt"  in  air  and  0.40 
weij^t  per  cent  sulfur  in  fuel  at  1500  F.  The  specimen  from  stage  2  of 
this  test  was  shown  in  Figure  20.  These  test  specimens  were  chosen  to  show 
the  nature  of  corrosive  attack  under  conditions  where  position  in  the  cascade 
had  a  significant  effect  on  the  severity  of  metal  loss,  as  was  plotted  in 
Figure  14. 

In  general,  photomicrographs  taken  at  X250  magnification  showed 
only  a  shallow  penetration  of  corrosion  products,  despite  the  catastrophic 
rates  of  metal  loss  encountered  in  the  presence  of  "sea  salt".  The  depth  of 
surface  penetration  ranged  frem  less  than  one  to  a  maximum  of  about  four 
thousands  of  an  inch.  It  also  appeared  that  surface  roughness  increased  with 
metal  loss,  probably  as  a  result  of  the  undermining  of  metal  grains  by  inter¬ 
granular  attack.  These  obseinrations  are  in  agreement  with  previous  studies 
which  showed  hot  corrosion  in  a  marine  enviroiment  to  result  in  no  deep  inter¬ 
granular  penetration  of  sulfur  into  the  matrix  of  the  superalloys  and  little 
or  no  loss  in  tensile  properties.  (4  and  7) 

Photooiicrographs ,  taken  at  XIOOO  magnificaticn  to  show  the  corrosive 
attack  in  greater  detail,  consistently  reveal  penetration  of  the  meta]  nat rlx 
being  led  by  randomly  dispersed  light-grey  globules  of  metallic  sulfides. 

This  mode  of  corrosive  attack  is  usually  referred  to  as  sulfidation,  and 
occurred  despite  the  prevalanee  of  oxidising  conditions.  The  formation  of 
these  sulfide  particles  Is  associated  with  changes  in  surface  composition  of 
the  alloy  which  Is  characterised  by  chromluD  depletion.  Rapid  oxidation  of 
the  weakened  layer  of  alloy  follows  sulfide  penetration,  at  times  so  closely 
as  to  give  the  appearance  of  gross  oxidation. 
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VI.  CONCLnSIONS 

The  following  statements  can  be  made  concerning  the  effect  of 
fuel  sulfur  and  operating  conditions  on  hot  corrosion  of  superallojs  in  a 
marine  environment.  They  are  based  on  exploratory  programs  in  which  specimens 
of  six  superalloys  were  exposed  to  vitiated  air  from  the  Phillips  2-inch 
combustor  during  five  hour  cyclic  tests  (55  minutes  fuel-on,  5  minutes  fuel- 
off). 

1.  An  IncreMO  in  fuel  sulfur  content  (0.0002  to  O.UO  weight  per  cent)  at 
high  pressure  (15  atmospheres)  and  high  velocity  (330  to  510  feet  per 
second  at  test  specimen)  with  10.0  ppm  ”sea  salt”  in  ccxnbustor  air  over 
a  range  of  temperature  from  1200  to  2200  F; 

a.  Inhibited  metal  loss  at  gas  temperatures  of  1800  F  and  above. 

b-  Increased  metal  loss  for  soire  superalloys  at  1600  F  and  below. 

2.  An  increase  in  combustor  pressure  (5  to  15  atmospheres)  accelerated 
hot  corrosion  for  those  superalloys  subject  to  attack  with  10.0  ppm 
"sea  salt"  in  combustor  air  at  both  the  1500  F  gas  temperature  with 
0.40  weight  per  cent  fuel  sulfur  and  the  2000  F  gas  temperature  with 
0.0002  wei^t  per  cent  fuel  su'^fur  test  conditions. 

3«  An  increase  in  gas  velocity  at  the  test  specimen  increased  hot  corrosion 
for  those  superalloys  subject  to  attack  with  10.0  ppm  "sea  salt"  in 
combustor  air  at  both  the  1500  F  gas  temperature  with  O.4O  weight  per 
cent  fuel  eulfur  and  the  2000  F  gas  temperature  with  0  0002  weight  per 
cent  fuel  sulfur  test  oonditims. 

4*  A  change  in  air  fuel  ratio  from  50  to  75  did  not  change  hot  corrosion 
for  one  superalloy  tested  at  2000  F  gas  temperature  with  0.0002  weight 
per  cent  fuel  eulfur  and  10.0  ppm  "sea  salt"  in  combustor  air. 
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An  Incraaae  in  "sea  salt"  ingestion  rate  frc*  2.0  to  10. C  ppn  in 
conbustor  air  Incraasad  hot  corrosion;  hotravsr,  the  nagnituda  of  tha 
Incraasa  varies  with  tanparatura-aulfur  ccebinatlons  or  metals. 

Cascade  testing  provides  additional  information  on  hot  corrosion  from 
each  test: 

a.  At  2000  F  gas  tenperature  with  10.0  ppm  "sea  salt"  in  combustor 
air  and  0.0002  weight  per  cent  fuel  sulfur,  repeatability  is 
good  (17.1  per  cent)  and  hot  corrosion  is  uniform  frcmt  stage 

to  stage  in  the  cascade 

b.  At  1500  F  gas  temperature  with  0.40  wei^t  per  cent  fuel  sulfur 
and  2.0  or  10.0  ppm  "sea  salt"  in  combustor  air  repeatability 
is  poorer  (57.1  to  86.4  per  cent)  than  at  high  temperature  and 
severity  of  hot  corrosion  varies  from  stage  to  stage  with  high 
metal  loss. 

Hot  corrosion  is  a  function  of  mass  exposure  to  "sea  salt"  in  combustor 
air,  fuel  sulfur  and  the  ratio  of  "sea  salt"  to  fuel  sudfur  for  two 
superalloys  at  2000  F  gas  temperature. 

Materials  fi*cm  "sea  salt"  in  specimen  scale  deposits  decrease  and  materials 
from  corrosion  products  increase  as  metal  loss  increases. 

Typically,  the  micro  features  of  hot  corrosion  3n  a  marine  environner* 
which  were  evident  in  this  exploratory  program  were  a  metal  surface 
roui^ened  by  intergranular  attack  with  shallow  sulfide  penetration  of 
the  matrix  preceding  oxidation. 
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VII.  RBCOMKENDATIONS 

This  study  was  made  to  determine  the  effect  of  fuel  sulfur  over  a 
range  of  operating  conditions  on  hot  corrosion  of  superalloys  in  a  marine 
environment  to  provide  infonaation  to  aid  in  selection  of  operating  conditions 
for  a  program  designed  to  determine  whether  the  maximum  sulfxir  limit  of  0.40 
weight  per  cent,  currently  allowed  in  grade  JP-5  aviation  turbine  fuel,  is  a 
safe  level  for  protection  of  turbine  blade  alloys  used  in  advanced  engines. 

A  reversal  of  the  effect  of  fuel  sulfur  on  hot  corrosion  is  shown 
between  tests  at  1600  F  and  below  and  1600  F  and  above  for  some  superalloys. 
Increasing  combustor  pressure  and  gas  velocity  Increased  metal  loss  for  those 
superalloys  subject  to  attack  with  no  apparent  reversals.  An  analysis  of 
data  obtained  at  2000  F  with  two  superalloys  shows  that  hot  corrosion  is  a 
function  of  mass  exposure  to  fuel  sulfur  and  "sea  salt". 

Therefore,  it  is  recommended  that,  in  a  more  complete  investigation, 
tests  should  be  conducted  using: 

(1)  Oas  temperatures  of  1800  F,  2000  F  and  2200  F  to  give  metal 
temperalurwe  Ueiow  (iVOu  K)  near  (1850  F)  and  aoove  (2000  F) 
the  maximaa  recommended  operating  limits  for  the  superalloys 
being  used  should  be  investigated  to  provide  an  answer  to  the 
primary  objective  of  the  program. 

(2)  To  accelerate  hot  corrosion,  test  conditions  approaching  actual 
engine  condlticxts  (within  test  stand  capabilities)  should  be 
Tued.  A  eonbxistor  pressure  of  15  atmospheres  should  be  used 
and  gas  velocity  varied  with  temperature  to  permit  mass  of  air 
and  fuel  to  be  held  constant  throughout  the  program. 

(3)  Tests  should  also  be  conducted  at  a  gas  temperature  of  1500  F 
(below  the  point  of  reversal  of  the  effect  of  fuel  sulfur)  to 
provide  supplemuntal  information. 


Research  Division  Report  3945-64R 

Page  61 

(4)  A  cascade  test  specimen  v  Id  be  used  in  future 

investigations  since  additional  information  can  be  obtained 
at  a  nominal  increase  in  test  costs. 


VIII.  FUTURE  WORK 

A  test  program  tc  determine  whether  the  maximum  sulfur  limit  of 
0.40  weight  per  cent,  currently  allowed  in  grade  JP-5  aviation  turbine  fuel, 
is  a  safe  level  for  the  protecticai  of  turbine  blade  alloys  in  advanced  enc^ines 
will  be  conducted  during  the  last  six  mwiths  of  this  contract.  Significant 
points  in  the  program  are  as  follows: 

1.  Exhaust  Gas  Temperature.  Three  levels  of  exhaust  gas  tempera¬ 
ture  (1800,  2000  and  2200  F)  will  be  used  representing  current 
and  future  engine  designs  to  answer  the  primary  objective  of 
the  program.  If  possible  a  fourth  temperature  (1500  F)  will 
then  be  used. 

2.  "Sea  Salt"  Concentration.  Three  levels  of  "sea  salt"  in 
combustor  air  (aero,  1.0  and  10.0  ppm)  have  been  selected  as 
representing  the  possible  range  of  exposure. 

3*  Fuel  Sulfur  Concentraticy .  Three  levels  of  fuel  sulfur  have 
been  selected  (0.0002,  0.040  and  0.40  wel/^t  per  cent)  which 
represent  the  range  of  values  from  the  current  -specifics' . 

■axlmma  down  to  that  obtainable  by  hydrot real ing. 

4<  Combuetor  Pressure.  A  combustor  pressure  of  15  ataoepheres  will 
be  used  for  all  tests  and  has  been  selected  as  representative 
of  future  engines  and  also  to  accelerate  hot  corrosion. 

5.  Mass  Fbcposure  to  Sulfur  and  "5na  Salt".  A  fuel  flow  of  12^  pounds 
per  hour  and  air  flow  of  7200  pounds  per  hour  will  be  maintained 
constant  throo^out  the  test  program.  While  this  will  result  in 
variations  in  gas  velocity  with  temperature,  the  nine  ccmbinations 
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5.  (Cont’d)  of  sulfur  and  "sea  salt"  will  provide  a  measure  of  the 

temperature  effect  that  is  not  confounded  with  the  effect  of 
mass  of  sulfur  and  "sea  salt". 

6.  Cascade  Testing.  One  specimen  of  each  of  six  superalloTs  will 
be  mounted  in  a  three  stage  cascade  with  two  superallojs  in  each 
stage.  Each  stage  of  the  cascade  will  be  successively  rotated 
120  degrees  to  prevent  channeling  of  hot  gas  flow.  Each  super¬ 
alloy  will  be  tested  once  in  each  stage  of  the  cascade. 

7.  Superalloys .  Five  superalloys  of  interest  for  use  as  turbine 
blade  and/or  guide  vane  materials  for  engines  of  advanced  design 
have  been  selected  and  their  ccnpositions  are  shown  in  Table  XIX. 
In  addition  one  superalloy  with  an  aluminum  diffusion  coating 
(Inconel  713C  with  Misco  coating  No.  MDC-l)  has  also  been 
included  in  the  program.  Coupons  of  superalloys  to  be  evaluated 
are  0.50  in.  wide,  2.38  in.  long  and  0.12  in.  thick.  The 
coupons  have  been  increased  in  thickness  frcm  O.O6  in.  previously 
used  to  0.12  in.  to  provide  additional  strength  and  prevent  bend¬ 
ing  and  breakage  which  result  in  lost  specimens. 

TABLE  XIX 

COMPOSITION  OF  SUFERALLOYS 


Nominal  Composition. 

per  cent 

Alloying  Elements  INCO-713C 

SM-200 

IN-100 

Udimet  500 

WI-52 

Nickel 

72 

60 

60 

51 

MM 

Cobalt 

— 

10 

15 

19 

63 

Chrog&luB 

13 

9 

10 

19 

21 

Molybdenum 

4.5 

— 

3 

4 

— 

Tungsten 

— 

12 

— 

— 

11 

Aluminum 

6 

5 

5.5 

3 

— 

Titanium 

0.6 

2 

5 

3 

— 

Iron 

1 

0,5 

0.5 

1 

3 

Columbium 

2 

1 

— 

2 

Vanadium 

— 

— 

1 

— 

Carbon 

0.1 

0.2 

0.2 

0.1 

0.5 

Research  Division  Report  3945-6ZiR 

Page  63 

8.  Evalmtlon.  The  following  infonoation  will  be  obtained  on 

sQperalloT’  test  specinens  exposed  to  hot  gases  fron  the  Phillips 
2-inch  coBbnstor: 

(a)  Metal  Loss  neasared  as  difference  in  weight  of  test  specimens 
prior  to  test  and  after  cathcdicaliT’  descaling  at  the  end  of 
test. 

(b)  Metallography.  To  aid  in  evaluating  the  extent  and  mode 

of  corrosive  attack  microscopic  examination  with  phetomiero-’ 
graphs  will  be  made  of  test  specimens. 

The  test  plan  for  this  program  is  shown  in  Table  XX.  Based  on 
exploratozy  tests  which  indicate  £  axx  .  ipeatabiUty  at  2000  F  this  program 
has  been  set  up  as  a  randomised  block  expfiiment  with  each  superalloj  to  be 
tested  once  in  each  of  the  throe  sta^'^es  of  the  cascade  at  each  temperature- 
fuel  8ulfnr-''sea  salt"  combination.  Statistical  analyses  of  these  data  will 
provide  evaluations  of  the  effects,  and  interactions,  for  each  of  the  six 
superalloys,  of  the  three  test  variables  (a)  sulfur  concentration  in  the  fuel, 
(b)  "sea  salt"  in  combustor  air,  and  (c)  exhaust  gas  temperature.  These  data 
will  also  be  examined  to  determine  if  mass  of  fuel  sulfur  and  "sea  salt"  ex¬ 
plain  variations  in  hot  corrosion  of  the  superalloys. 
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TABLE  XX 


TEST  PLAN  FOP.  HCT  CORROSION  STUDIES 


Fuel  Sea  Salt 

Tenperaturei  Sulfur  In  Air, 

-  *y  -  1  vm 

2200  0.0002  0 

2200  0.0002  1.0 

2200  0.0002  10.0 

2200  0.040  0 

2200  0.040  1.0 

2200  0.040  10.0 

2200  0.40  0 

2200  0.40  1.0 

2200  0.40  10.0 

2000  0.0002  0 

2000  0.0002  1.0 

2000  0.0002  10.0 

2000  0.040  0 

2000  0.040  1.0 

2000  0.040  10.0 

2000  0.40  0 

2000  0.40  1.0 

2000  0.40  10.0 

1800  0.0002  0 

1800  0.0002  1.0 

1800  0.0002  10.0 

1800  0.040  0 

18C0  0.040  1.0 

1800  0.040  10.0 

1800  0.40  0 

1800  0.40  1.0 

1800  0.40  10.0 


Test  Order 


»t  I 

Set  II 

Set  III 

15 

48 

35 

47 

23 

67 

13 

43 

53 

10 

40 

17 

5 

66 

22 

65 

77 

7 

59 

26 

79 

31 

55 

8 

63 

6 

30 

70 

50 

75 

14 

68 

64 

81 

72 

20 

74 

51 

18 

69 

46 

60 

25 

21 

/I 

73 

36 

62 

33 

37 

2 

56 

71 

12 

32 

28 

34 

44 

61 

45 

(6 

24 

29 

42 

27 

16 

4 

39 

80 

38 

52 

11 

54 

19 

76 

4« 

9 

41 

3 

1 

58 

AERAHGSHENT  OF  TEST  SPECIMBtS 


_  _ Stage  1 _ 

_ StflU 

w  2 

Sti 

ute  3  .  . 

1 

2 

3  _ 

4 

.  .  .5 

i 

Set  I 

Inco  713C 

Ineo  713c  + 
MDC-l 

1  IN-100 

SN  200 

D-500 

VI-52 

Set  II 

SM^200 

U-.5OO 

WI-52 

Inco  71^C 

Inco  713C+ 
MX-1 

Set  III 

IBH 

WI-52 

Inco  713c 

Inco  713C+ 
MDC-1 

IN-100 

SM-200 
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TABLB  JI  (Continued) 

HOTES: 

(»)  Other  Phillips  2-lnch  ccnbustor  operating  variables  to  be  held  emstant 


throughout  the  test  program. 

Cooibustor  Inlet  Air  Pressure,  atmosphere  15.0 

Air-Fuel  Ratio,  pounds  per  pound  60 

Mass  Air  Flow,  pounds  per  hour  7200 

Test  Duration,  hours  5.00 


Inlet  air  temperature  to  be  varied  over  a  range  of  frca  900  to  1200  F,  as 
required  to  obtain  desired  esdiaust  gas  temperature. 

Thermal  shock  to  be  introduced  by  an  operating  cycle  of  55  minutes  at  test 
condition,  followed  by  5  minutes  with  fuel  off. 
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APPBTOII  I 


TABLE  m 

OPBRATIKG  COMDrr;:^'-:  PHILLIPS  2-INCH  C0MBD3TQR 


Test  Variables 

Test  Conditions  (a) 

Tast  Riabar 

19  4  20 

17  4  18 

13  4  U 

15  4  16 

warn 

9  4  10 

Calculated  Gas  TsBoarature.  F 

1200 

1600 

1800 

2000 

2200 

Teaparatura,  F 

Exhaust  Gas 

U95 

1375 

1590 

1780 

1990 

2090  (b) 

Profile  (c) 

20 

210 

135 

135 

150 

200 

Test  Spaciaans  Id) 

(a) 

1610(f) 

1650(f) 

1685 

1865 

1955 

Coabustor  Inlet  Air 

800 

800 

800 

1000 

1000 

1000 

Pressure,  ataoepharas 

Coabustor  Inlet  Air 

15.0 

15.0 

15.0 

15.0 

15.0 

15.0 

Tast  Spaeiasn  Drop 

1.4 

1.5 

1.6 

1.7 

1.7 

1.5 

Mass  Flow  Rata,  pounds  par  hour 

Air 

5400 

5400 

5400 

5400 

5400 

5400 

Fuel 

36 

54 

72 

72 

90 

108 

Air  Fuel  Ratio 

150 

100 

75 

75 

60 

50 

Flow  Velocity,  feat  par  second 

Coabustor  Rafaranea  (g) 

170 

170 

170 

200 

200 

200 

Esdiaust  Gas  (h) 

180 

195 

220 

240 

260 

275 

at  Tast  Spaciaans  (i) 

330 

370 

410 

450 

490 

510 

Tast  Duration,  hours  (j) 

5 

5 

5 

5 

5 

5 

Fuel  Sulfur,  weight  par  cant 

(k) 

(k) 

(k) 

(k) 

(k) 

(k) 

"Sea  Salt",  parts  par  aillion  (1) 

10.0 

10.0 

10.0 

10.0 

lO.C 

10.0 

(a)  Avsnss  valnss. 


(b)  Twpsrmturs  at  axhaust  gas  eora  aTsragad  2175  F  but  tha  orarall  lowar  aTsraga  rasultad 
fro*  haat  lossas  to  uatar  ooolad  wall. 

(c)  NaJdjrai  variation  bstwasn  four  thanRooouplas  on  aqual  araa  esntars. 

(d)  First  pair  of  spaeiasns. 

(a)  Balov  oparating  ranga  of  optical  pyrasatar. 

(f)  Tast  spaeiasns  probablj  raflaeting  flaaa  radiation  to  giva  fictitiously  high  readings 
with  optical  pyrcaatar. 

(g)  Cold  flow,  based  on  2.66  in.^  exit  araa  in  flaaa  tuba. 

(h)  Baaed  on  3.36  la.  araa  at  outlet  frea  eoabuator. 

(i)  Baaed  on  1.00  ia.^  viblookad  araa  la  first  taat  spaeiasn  holder. 

(j)  Oparatlag  eyela  of  55  aiautaa  at  taat  eenditicna,  followed  by  5  ainutaa  fuel  off. 

(k)  0.0002  Vaigbt  par  eant  for  Rom  Woe.  0,  9,  U,  15,  10  and  19  and  0.40  weight  par  cant  for 
Ran  Boa.  7,  10,  13,  16,  17,  20. 


(1)  Based  on  ecabustor  air 
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TA^It  m  (Continuad) 


23 

24 

Z7  . 

-.1500 

1500  2000 

■Aiap., 

2000 

Twt  VarUblaa _ 

Taat  Itanbar  _ 

Calcttlatad  Oae  Twparatura.  1^  _ 

Taaiparatura,  P 
Sxhauat  Qaa 
Profila  (b) 

Tast  S*^elBan  (o) 

Coadniator  Inlat  Air 

Praaanra,  atorapharaa 
CoBibuator  Inlat  Air 
Taat  Spaelnan  Drop 

Kaaa  Flmr  Rata,  poutda  par  hour 
Air 

Fual 

Air  Pual  Ratio 

Plow  Paloeltj,  faat  par  aaeond 
Coabuator  Rafaranea  (d) 

Exhaust  Gas  (a) 

at  Tast  Spaelaan  (f) 

Taat  Duration,  hours  (g) 

Pual  Sulfur,  valght  par  oant 

"Saa  Salt",  parts  par  nlUion  (h) 

(a)  ATarafs  aaluaa. 


1410 

201C 

U50 

40 

325 

100 

U90 

1660 

800 

800 

uoo 

15 

15 

5 

0.03  0.03  0.95 

685  685  2270 

8.6  10.8  15.4 


80 

63 

U7 

22 

22 

268 

26 

34 

260 

48 

63 

485 

5 

5 

5 

0.40 

0.0002 

0.40 

10.0 

10.0 

10.0 

1900 

1495 

1990 

120 

225 

150 

1750 

1625 

1730 

1000 

800 

800 

5 

15 

15 

0.63 

1.7+ 

1, 

1800 

6840 

5400 

32.0 

81.0 

108 

56 

84 

50 

199 

218 

172 

255 

267 

264 

476 

499 

494 

5  5  5 

0.0002  0.40  0.0002 

ID.O  10.0  10.0 


(b)  KazlauB  variation  batwa«i  four  tharaoeouplaa  on  aqual  araa  eantars. 

(e)  Plrat  pair  of  spaelaans. 

(d)  Cold  flow,  basad  on  2.66  ln«^  aadt  araa  la  flana  ti^. 

(a)  Basad  on  3*36  la.^  araa  at  ouilat  fron  eonbustor. 

(f)  Basad  on  1.80  la.^  vnbXoekad  araa  In  first  taat  spaaSsMn  hoXdar. 

(g)  Oparatlng  ^la  of  55  nlai'taa  at  taat  eondltions,  followad  bgr  5  nlmitaa  faal  off, 


(h)  Basad  on  eonbnstor  air. 
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TABLB  m  (Continued) 

a - Tflt.TlrtfblW _  _ _  Tett  Conditions  (a) _ 

last  Umber 

SliOBjAtifd  gia.Tgptji^urf,.  F  . 

Twperature,  P 
Bxhaost  Qaa 
Profile  (b) 

Teet  Speeinen  (o) 

Coabuator  Inlet  Air 

Pressure ,  atnoepheres 
Coabuetor  Inlet  Air 
Test  SpeoiJMn  Drop 

Mass  Floe  Rate,  pounds  per  hour 
Air 

Fuel 

Air  Fuel  Ratio 

Flow  Telooltj,  feet  per  second 
Conbustor  teferenoe  (d) 

Sxhauet  Gas  (e) 

at  Test  Speelaen  (f) 

Test  Duration,  hours  (g) 

Fuel  Sulfur,  «ei|^  per  cent 

"Sea  Salt^  parts  per  nllllon  (h) 

(a)  Average  values. 

(b)  Naxiani  variation  between  four  themooouples  on  equal  area  centers. 

(o)  First  pair  of  speolnsns. 

(d)  Cold  flow,  based  on  2.66  In.^  sKlt  area  In  flane  tube. 

(e)  Based  on  3.36  in.^  area  at  outlet  from  conbustor. 

(f)  Based  on  1.80  In.^  vnblooked  area  in  first  test  speelaen  holder. 

(g)  Operating  cyele  of  55  alnutes  at  teet  conditions,  foUowed  bj  5  nlnutes  fuel  off. 

(h)  Based  on  eo^ustor  air. 


31 

32 

33 

34 

35 

2000 

2000 

1500 

2000 

1500 

2000 

I960 

1890 

U70 

1880 

1500 

1910 

345 

180 

225 

315 

195 

420 

1760 

1745 

1690 

1730 

1660 

1640 

800 

800 

800 

800 

800 

800 

15 

15 

15 

15 

15 

15 

1.7+ 

0.43 

0.66 

1.48 

1.7+ 

1.46 

7130 

2700 

3420 

5400 

6840 

5400 

m 

54 

40 

108 

81 

108 

50 

50 

84 

50 

84 

50 

227 

86 

109 

172 

218 

172 

345 

127 

132 

253 

268 

256 

6U 

237 

246 

472 

500 

478 

5 

5 

5 

5 

5 

5 

0.0002 

0.0002 

0.40 

0.0002 

0.40 

0.0002 

10.0 

10.0 

10.0 

10.0 

10.0 

2.0 
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TABIZ  XXI  (Continuod) 


Tftftt  Tftrlftblft 

_ Test  Cond  itic  ns  (a) _ 

Tftflt  Biabor 

37 

38 

39 

..  ,41— 

Cftleulfttod  Gfts  ToMDftrftturft.  F 

1500 

2000 

1500 

JJSSU 

Toiuftrftturft,  F 

fixhauat  Gas 

U05 

1915 

1520 

1510 

Profile  (b) 

200 

265 

170 

240 

Test  SpftciBM  (e) 

1600 

1850 

1610 

1675 

Coftdnifttor  Inlftt  Air 

000 

1200 

80C 

800 

PrftSfttirft,  fttaospheres 

Cenbnator  Inlet  Air 

15 

15 

15 

15 

Tftftt  Spftciaea  Drop 

1.52 

1.7+ 

1.7+ 

Kftss  Flow  Rate,  pounds  per  hour 

Air 

6840 

5400 

6840 

6840 

Fuel 

81 

72 

81 

81 

Air  Fuel  Ratio 

84 

75 

84 

04 

Flair  ▼ftloeitr,  feet  per  second 

Conbnstor  Referonee  (d) 

218 

226 

218 

218 

Exhaust  Gas  (•) 

266 

256 

271 

270 

at  Tftftt  Spftciasn  (f) 

497 

479 

506 

503 

Test  Duration,  hours  (g) 

5 

5 

5 

Fuel  Sulfur,  weight  per  e«nt 

0.40 

0.0002 

0.40 

0.40 

"Sftft  Salt",  parts  per  Billion  (h) 

2.0 

10.0 

10.0 

10.0 

(ft)  ATftrftgft  vftlftftft. 


(b)  Nftxlaai  ▼ftrlfttioM  betwovi  foor  thftmoeooplftft  m  oqioftl  ftr«ft  OMiWn. 

(e)  Flnt  pftir  of  ftpoelMM. 

(d)  Cold  flov,  bftftftd  on  2.66  ia.^  «dt  trm  in  flftM  tub*. 

(ft)  Bftftftd  on  3*36  la.^  um  at  ovtlot  froa  eoabvfttor. 

(f)  Bftftftd  on  1.00  ia.^  tablookftd  ftrea  la  flrat  tft«t  ftpoelaaB  holder 

(g)  Opftrfttlag  e7«lft  of  55  aiauift*  et  toot  eondliion*,  feUovftd  bj  5  alaatftft  ftMl  off. 

(h)  Bftftftd  on  eoribttfttor  ftlr. 
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APP]j»DIX  II 

STATISTICAL  AHALISIS  OF  DATA 
lo  Repeatability  of  Metal  Loss, 

In  prertoua  etudiee  (Ref.  7)  oslng  two  superalloye  it  was  fotmd  that 
variability  of  netal  lose  was  a  fonotion  of  the  nagnitnde  of  the  loss.  In 
this  sitnaticm  eonventicaial  statistical  nethods  should  not  be  used  to  Interpret 
the  data;  however,  by  using  a  transfomatioa  of  the  data  to  provide  uniforat 
variance  statistical  methods  may  be  used.  In  eases  idiere  variability  is  a 
function  of  the  magnitude  of  the  values  a  logarithmic  transformation  of  the 
data  will  ecnvert  variance  to  a  percentage  value  and  will  satisfy  the  require¬ 
ments  of  uniform  variance. 

To  evaluate  the  repeatability  of  metal  loss  using  a  cascade  system 
for  mounting  test  specimens,  three  tests  were  conducted  using  Hastelloy 
R-235  at  1500  P  gas  temperature  with  0.40  weij^t  per  cent  fuel  sulfur  and 
10  ppm  "sea  salt"  in  combustor  air.  Netal  loss  per  unit  area  for  the  test 
specimens  are  shown  in  Table  JXll.  Also  shown  are  the  variance,  standard 

deviation  and  coefficient  of  variation  claculated  for  each  stage  of  the 


oaeoede 
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APPENDIX  II  (Contljiued) 
TABI£  XXII 


Run 

Strio  1  Strio  2 

Strip  3 

Strip  4 

Strip  5 

Strip  6 

35 

57.0 

62.5 

116.0 

138.4 

130.3 

57.2 

39 

44.6 

46.8 

112.0 

389.9 

225.1 

141.2 

41 

U.7 

96.4 

282.9 

200.0 

388.2 

103.2 

TOTAL 

322.0 

1239.2 

1045.2 

Mean 

53.7 

206.5 

174.2 

M.S. 

(b) 

712.61 

12,254.57 

U, 026. 60 

S.D. 

(c) 

26.7 

110.7 

118.4 

C.V., 

%  (d) 

49.8 

53.6 

68.0 

(a)  1500  F  gas  tenperature,  0.40  wt.  per  cent  fuel  sulfur,  1C  pp«  "sea  salt" 
in  canbustor  air. 

(b)  Mean  square  (Variance). 

(c)  Standard  deriati(»i. 

(d)  Coefficient  of  variation.  Qs.D./^ean)  (100 )J 

The  standard  deviations  calculated  lor  the  three  stages  differ  in 
site  vrhlle  the  coefficients  of  variation  are  of  the  sase  relative  magnittide. 
Using  Bartlett "s  test  of  hoaogwieitj  of  variance  (Ref.  11)  it  can  be  concluded 
that  differences  in  variance  for  the  three  stages  are  larger  than  would  be 
expected  bjr  chance.  Since  the  variances  differ  while  the  coefficierts  of 
variation  are  of  the  sane  aapiitude  the  use  of  logarithas  of  the  weight  loss 
data  is  indicated.  Logarithns  of  aetal  loss  per  unit  area  are  shown  in 
Table  XXUl  alcng  with  the  gecaetric  aean  weight  loss,  variance,  standard 
deviation  and  coefficient  of  variation  for  each  stage  of  the  cascade. 
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APPENDIX  II  (Continued) 

table  xxni 


repeatability  of  metal  loss  (log  M5/CM^)  for  HASTELLOY  R-235^^ ^ 

2 

_ _ Weight  Loss.  Log  mg/cm _ _ 


Stage  I 

Stage  2 

Stage  3 

Run 

Strin  1  Strip  2 

Strt;P..,3  Strip  4 

Strip  5  Strip  6 

Total 

35 

1.75587  1.79538 

2.06446  2.14114 

2.11494  1.75740 

11.62969 

39 

1.64933  67025 

2.04922  2.59095 

2.35238  2.14983 

12.46196 

41 

1.16732  1.96408 

2.4516;  2.30103 

2.58906  2.01368 

12.50630 

Total 

10.02273 

13.59843 

12.97729 

36.59845 

Mean 

1.67046 

2.26640 

2.16288 

2.03302 

Geometric  Mean, 

Mg/cm^  46.8 

184.7 

145.5 

M.S. 

(b) 

0.07500 

0.04890 

0.08134 

S.D. 

(c) 

0.27386 

0.22113 

0.28520 

C.7., 

%  (d) 

8^  9 

66.4 

92.8 

(a) 

1500  1 

gas  temperature, 

0.40  wt,  per  cent  fuel  sulfur,  10  ppm  "sea 

salt" 

in  combustor  air. 

(b)  Mean  sc;aare  (Variance). 

(c)  Standard  deviation 

(d)  Coefficient  of  variation;  from  antilogarithm  of  8t^mda^d  deviation. 

From  Bartlett's  test  for  hcsuogenelty  of  variance  it  is  concluded 
that  differences  in  variance  for  the  three  stages  are  chance  variations.  Since 
variance  is  uniform,  statistical  analysis  of  the  data  should  be  valid.  An 
analysis  ol  variance  to  determine  the  effect  of  stages  and  runs  on  metal  loss 


is  shown  in  Table  XX5V. 
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TABU  mv 

AHALI5IS  OF  VARIAHCE  OF  LOGARITHMS  OF  WEIGHT  LOSS  (MS/CM^)  FOR  HASTKIXOT  R-235^* 


Source  of  Variation 

Degrees  of 
Freedom 

Sum  of 
Souares 

Mean 

Souare 

_  1 

Total 

17 

2.24286 

Runs 

2 

0.08133 

0.04067 

0.560 

Stages 

2 

1.21672 

0.60836 

8.371' 

Residual  (Srror) 

13 

0.94481 

0.07268 

Standard  Deviation 

0.26959 

Coefficient  of 
Variation,  % 

86.4 

(a)  1500  F  gas  temperature,  O.kO  wt.  per  c«it  fuel  sulfur,  10  ppm  "sea  salt" 
in  combustor  air. 

(b)  Differences  in  metal  loss  among  stages  significant  (99^  $  Confidence). 

Prom  this  analysis  It  Is  concluded  that  there  is  no  signifiemnt 
difference  in  the  amount  of  netal  loss  among  runs;  however,  metal  loss  varies 
depending  upon  the  stage  of  the  cascade  in  which  the  specimen  is  tested. 

In  evaluating  the  effect  of  "sea  salt"  Ingestion  rate  one  test  was 
conducted  with  specimens  of  Hastelloy  R-235  In  each  position  of  the  cascade 
at  !l.500  F  gas  temperature  with  O.4O  weight  per  cent  fuel  sulfur  and  2.0  ppn 
"sea  salt"  in  combustor  air.  These  data  and  an  analysis  of  variance  are 


shown  in  Table  XXV. 
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APPENDIX  II  (Continued) 

TABLE  XXT 

REPEATABILITY  OF  METAL  LOSS  FOR  HASTEILOY  R-235^^^ 


Hg/cm^ 

Log  mg/cm^ 

Stage  1 

Stage  2 

s:Ugg.J 

Stage  1 

Stage  2 

Stage  3 

0.7 

0.3 

0.8 

-0.15490 

-0.52288 

-0.09691 

0.8 

0.9 

0.8 

-0.09691 

-0-0t576 

-0.09691 

TOTAL 

-0.25181 

-0.56864 

-0.19382 

Analysis  of  Variance  of  Log  mg/cm 

Source  of  Variation 

Degrees  of 
Freedom 

Sum  of 
Souares 

Mean 

Squf^re 

F 

Total 

5 

0.15621 

Stages 

2 

0.04071 

0.02035 

0.529 

Error 

3 

0.11550 

0.03850 

Standard  Deviation 

0.19622 

Coefficient  of  Variation,  %  57.1 

(a)  1500  F  gas  temperature,  O.4O  wt.  per  cent  fuel  sulfur,  2.0  ppm  "sea  salt" 
in  combustor  air. 

From  these  data  it  is  concluded  that  the  position  in  the  cascade  did 
not  effect  metal  loss.  From  visual  observation  of  the  test  specimen  the  amount 
of  deposit  on  the  specimen  was  less  than  for  tests  with  10.0  ppm  "sea  salt" 
which  may  have  reduced  the  effect  of  location  of  the  test  specimen  on  metal 

loss. 

One  test  was  conducted  with  Udlmet  700  test  specimens  in  each  position 
in  the  cascade  at  2000  F  gas  temperature  with  0.0002  wt.  per  cent  fuel  sulfur 
and  10.0  ppm  "sea  salt"  in  combustor  air.  These  data  and  an  analysis  of  variance 
are  shown  jn  Table  XX7I. 
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APPESDIX  II  (Continued) 
TABLE  XXVI 


REPEATABIUTI  OF  METAL  LOSS  FOR  m)IMET^700^*^^ 
_ ,  _  Weight  Lose _ _ 


Mg/cm^ 

■■■■■■■ 

Log  rng/cm^ 

Stage  1 

Stage  2 

Stage  3 

Stftgg  ,1 

Stage  2 

Stage  3 

110.3 

92.8 

97.5 

2.04258 

1.96755 

1.98900 

115.4 

TOTAL 

129.3 

80.4 

2.06221 

4.10479 

2.11160 

4.07915 

1-90526 

3.89426 

Mean 

2.01303 

Analysis  of  Variance  of  Log 

mg/cm^ 

Source  of  Variation 

Degrees  of 
Freedom 

Sum  of 
Souares 

Mean 

Souare 

F 

Total 

5 

0.02727 

Stages 

2 

0.01319 

0.00660 

1.406 

Error 

3 

0.01407 

0.00469 

Standard  Deviation 

0.06849 

Coefficient 

of  Variation,  %  17.1 

(a)  2QOO  f  gas  temperature,  O.CXX)2  wt.  per  cent  fuel  sulfur,  10.0  ppm 
"sea  salt"  in  combustor  air. 

From  this  analysis  it  is  concluded  that  the  location  of  the  test 
specimen  does  not  effect  netal  loss.  Repeatability  as  measured  by  coefficient 
of  Tariation  is  very  good.  A  visual  escaminaticsi  of  these  test  specimens  as  well 
as  other  test  specimens  exposed  to  hi|^  temperature  (2000  F)  showed  only  light 
scale  deposits  and  a  unifom  metal  attack.  It  is  believed  that  poorer  repeat¬ 
ability  and  the  effect  of  position  of  test  specimen  in  the  cascade  are 
associated  with  the  accumulation  of  "sea  salt"  deposits  at  temperatures  below 
the  fusion  point  of  sodium  sulfate  (1623  F).  Furthermore,  poor  repeatability 
was  not  associated  with  level  o'  metal  loss,  as  evidenced  by  the  comparable 
levels  of  netal  loss  and  wide  differences  in  repeatability  for  Rastelloy  R-235 
at  1500  F  and  Udimet  700  at  2000  F. 
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APPEKPn  II  (Continued) 

2,  Mass  Effect  of  Fuel  Sulfur  and  "Sea  Salt". 

An  examination  of  the  data  fron  the  exploratory  programs  suggests 
that  metal  loss  may  be  a  auiss  exposure  effect  of  sulfur  and  ”sea  salt".  To 
investigate  the  possible  relationship  between  metal  loss  and  siass  of  fuel  sulfur 
and  "sea  salt"  ingested  during  a  test  the  data  reported  previously  (Ref.  7) 
with  Inconel  713C  and  Sierra  Metal  200  have  been  reevaluated  using  multiple 
regression  analysis  technique  (Ref.  11).  Using  this  technique  the  relation¬ 
ship  between  metal  loss  per  unit  area  and  mass  of  fuel  sulfur,  "sea  salt"  and 
the  ratio  of  "sea  salt"  to  fuel  sulfur  for  a  five  hour  test  have  been  studied. 
Logarithms  of  the  metal  loss  and  of  sulfur,  "sea  salt"  and  "sea  salt"  to  sulfur 
are  used  in  the  analyses.  Since  the  additicHi  of  a  c(mstant  to  each  term  will 
not  effect  results,  unity  is  added  to  the  mass  of  fuel  sulfur,  mass  of  "sea 
salt"  and  the  "sea  salt"  sulfur  ratio  before  converting  to  logarithms  for  ease 
of  computation.  The  geometric  means  of  the  metal  loss  of  the  four  test 
specimens  at  each  operating  condition  have  been  used.  Metal  loss  and  mass 
of  reactants  for  each  of  the  nine  operating  conditions  are  shown  in  Table  XXVIZ. 
Also  shown  are  the  calculated  multiple  regression  equation  for  the  data  and 
calculated  metal  loss  values  for  each  operating  condition.  A  summary  of  an 
analysis  of  variance  evaluating  the  significance  of  the  equation  in  shown  in 
Tablf  XXVUI.  From  this  analysis  it  can  be  concluded  at  the  ^9  per  cent  confidence 
level  Uiat  variations  in  metal  loss  can  be  explained  on  the  basis  of  mass  of  fdel 
sulfur,  "sea  salt"  and  the  ratio  of  "sea  salt"  to  sulfur. 


P.ssMrch  T)1  vision  R«nort  1P45-64R 

P*»  79 


Research  Division  Report  3945-6AR 

Page  80 


APPENDIX  II  (Continued) 

TABLE-min 

ANALYSIS  OF  VARIANCE  OF  METAL  LOSS  FOR  INCONEL  713C 
Degrees  of 


Source  of  Variation 

Freedom 

Sum  of  Souares 

Mean  Souare  F 

Total 

8 

5.83639966 

Regression 

3 

5.24319716 

1.74773238  14.731^*^ 

Deviations 

5 

0.59320250 

0.11864050 

(a)  The  regression  is  significant  at  the  99^  confidence  level. 

Data  for  nass  of  reactants  and  weight  loss  of  Sierra  Metal  200 
froBi  the  previous  program  are  shoim  in  Table  T/tTi.  In  additi(»  to  the  nine 
test  points  frca  the  previous  program  which  were  used  to  calculate  the 
multiple  regression  equation,  data  are  Included  for  six  tests  conducted  as 
part  of  the  exploratory  programs.  From  the  analysis  of  variance  idiich  is 
sumaarlsed  in  Table  XXX^  it  cm  be  concliried  at  the  95  p«r  cent  confidence 
level  that  the  variations  in  metal  loss  are  associated  with  changes  in 
the  mass  of  fuel  sulfur,  "sea  salt**  and  ratio  of  "sea  salt"  to  sulfur. 
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APParoiX  II  (Continued) 


TABLB  m 

AMALISIS  OF  YARIAICE  OF  HETAL  LuSS  FOR  SIERRA  METAL  200 


Source  of  Variation 

Degrees  of 
Preedcn 

F 

Total 

8 

2.49710598 

Regression 

3 

2.00385402 

0.66795134 

6.771  (a) 

Deviation 

5 

0.49325196 

0.09865039 

(a)  The  regression  is  significant  at  the  95%  confidence  level. 


BLANK  PAGE 


